Experimental research on circular nano-silica concrete filled stainless steel tube (C-CFSST) stub columns after being exposed to freezing and thawing is carried out in this paper. All of forty specimens were tested in this paper, including nine C-CFSST specimens at normal temperature, 28 short columns of C-CFSST for freeze-thaw treatment and three circular hollow stainless steel stub columns. The failure mode, load-displacement curves, load-strain curves and load-bearing capacity were obtained and analyzed in this paper. The main parameters explored in the test include the number of freezethaw cycles (N=0, N=50, N=75, and N=100), wall thickness (T=1.0mm, T=1.2mm, T=1.5mm) andnano-silica concrete strength (fc=20MPa, fc=30MPa, fc=40MPa) . The result shows that C-CFSST short columns at normal temperature and subjected to freezing and thawing follow similar failure mode. The effect of freeze-thaw cycles (N) of 50 on bearing capacity of C-CFSST column was maximal, and then the influence of N on the bearing capacity of specimens was small when N reached to 75, finally the effect of N on bearing capacity of C-CFSST column was large when N reached to 100. The bearing capacity of C-CFSST columns increases with increasing wall thickness. In addition, the loss percentage of bearing capacity of specimens (fc=40MPa) for freeze-thaw treatment is maximal, and the loss percentage of bearing capacity of specimens (fc=30MPa) for freeze-thaw treatment is minimal. According to the test results, this paper proposed a formula to calculate the bearing capacity of C-CFSST short columns for freeze-thaw treatment.
Introduction
Nanotechnology has been considered as a main hub for the convergence and multidisciplinarity of research fields [1] . The implementation of fluorescent silica nanoparticles in the laboratory curriculum is introduced by Rashwan et al. [2] . State-of-the-art achievements on typical low-dimensional nanostructured PDs and hybrid PDs are reviewed by Li, Zhenhui et al. [3] . Pawłowski et al. [4] proposed thermal silver plating method by means of nanosilver-based paint could be an alternative to electrochemical processes. John Chelliah et al. [5] highlighted the importance of the III-V semiconductor nanostructured channel in MOSFET [5] . Zhang Hailei [6] expanded the applications of halloysite nanotubes. Recently, nanoconcrete has also received more and more attention. This is also driving the use of nanotechnology in infrastructure. Many scholars mixed nanomaterials into concrete to obtain better performance of modified concrete [7] [8] [9] . And the nano-silica concrete used in this paper is one of them. Adding nano silica to concrete can make it more compact, increase the strength in the early stage, enhance the toughness, and significantly improve the durability of concrete.
Nowadays, concrete filled stainless steel tube columns are widely used in civil engineering, for example, the offshore engineering and bridge engineering owing to its high strength. Many researchers performed study on the performance of concrete filled stainless steel tube columns. Hassanein et al. [10] conducted parametric study on the behavior of concrete-filled double skin tubular slender columns. Vipulkumar et al. [11] carried out a test on circular concrete-filled stainless steel tubular slender beamcolumns, and the result showed that the axial strength of slender columns is found to increase by using stainless steel tubes. Han et al. [12] conducted a study on the performance of stainless steel-concrete-carbon steel doubleskin tubular columns. Brian et al. [13] investigated the behavior of short and slender concrete-filled stainless steel tubular columns, which showed that the composite members have potential to be extensively used as structure members. Zhao et al. [14] conducted a study on the performance of stainless steel circular hollow sections. Yuan et al. [15] investigated the residual stress distributions of welded stainless steel. Jandera et al. [16] investigated the influence of residual stress on behavior of stainless steel.
The freezing and thawing is a worldwide problem that affects the load-bearing capacity and ductility of a series of structures. For example, in recent years, there have been many low temperature damage accidents of CFST columns in northern China. This result is due to the fact that the mechanical behavior of CFST columns subjected to cycle of freeze-thaw became bad. So it is of great importance to conduct a study on the performance of C-CFSST columns subjected to cycle of freeze-thaw. In addition, freezing and thawing is an important factor to reduce the service life of buildings in offshore Engineering. In every seaport of North of China, the concrete in structures So it is of great importance to conduct a study on the performance of C-CFSST columns subjected to cycle of freeze-thaw was damaged.
In recent years, many tests have been conducted to investigate behavior of different materials subjected to freeze-thaw cycles. The research on CFST stub columns subjected to cycle of freeze-thaw was carried out by Yang et al. [17] , which indicates that the specimens without being exposed to freeze-thaw cycles performed a better property than those specimens subjected to cycle of freeze-thaw. Li et al. [18] conducted a test on marine concrete subjected to freezing and thawing, which indicates that the freezethaw cycles accelerated chloride ion corrosion; it could be found that chloride ions could reduce the freezing resistance of concrete. Vesa et al. [19] conducted a test to investigate the stress and state of concrete, which verified the assumption of the critical degree of saturation of the pore system, that freezing and thawing can accumulate residual expansion. Tian et al. [20] performed the flexural load on self-compacting concrete under salt freezing and thawing cycles. The result showed that the bigger stress levels will cause earlier brittle failure. And this paper proposed a prediction model of degree of damage of self-compacting concrete. Shang et al. [21] conducted a study on steel bar in recycled coarse aggregate concrete under fast freezing and thawing in fresh water or sea water, including sixtythree specimens. Rami H et al. [22] conducted many tests to investigate the effect of freeze-thaw cycles and alkalisilica reaction on concrete-steel bond, which found that the alkali-silica reaction caused a great decrease in critical bond stress of specimens. Shang et al. [23] performed biaxial compression on plain concrete subjected to freezethaw cycles to investigate the deformation and strength of concrete, and proposed a useful formula to predict biaxial compressive strength in principal stress space. Marcelo et al. [24] presented an experimental investigation on Portland cement concrete; the experimental result showed that the freezing and thawing can affect the durability of concrete.
There are many researches about mechanical properties of nano-silica concrete [25] [26] [27] and a lot of researches about concrete filled steel tube stub columns after being exposed to freezing and thawing [17, 28] , but there are very few studies on the performance of nano-silica concrete filled stainless steel tube (CFSST) columns subjected to freeze-thaw cycles. So it is important to conduct a test on the behavior of CFSST columns subjected to freezethaw cycles. This paper mainly investigated the ultimate strength of C-CFSST stub columns subjected to freeze-thaw cycles under axial load. According to the experimental results, a formal was presented to calculate the ultimate load-bearing capacity of CFSST stub columns subjected to freeze-thaw cycles.
Experimental program 2.1 Specimen preparation
All forty specimens were tested in this paper, including nine circular nano-silica concrete filled stainless steel tubes at ambient temperature, three hollow stainless short columns at ambient temperature and twenty-eight circular nano-silica concrete filled stainless steel tube exposed to freezing and thawing. The nano-silica adopts the hydrophilic gas phase nano-silica (Hydrophilic-380 type), with a specific surface area of 390mm 2 /g and a particle size of 6-45nm. In engineering practice, adding 1% nanosilica can better improve the mechanical properties of circular nano-silica concrete filled stainless steel tube (C-CFSST) stub columns for freeze-thaw treatment, so the parameter of nano-silica in this test is 1%. The preparation process of nano-silica ratio is shown in Figure 1 . The details of specimens are presented in Table 1 . The nominal size of specimens (D×H) for the C-CFSST is 89×300mm, where D is the outside diameter of specimens; H is the height of specimens. The main parameters in the test include:
• Number of freeze-thaw cycles: 0, 50, 75 and 100.
• Wall thickness of stainless steel tube: 1.0mm, 1.2mm and 1.5mm. • Strength grade of nano-silica concrete: 20MPa, 30MPa and 40MPa.
Specimen labeling
All specimens were labeled according to the strength grade of nano-silica concrete, wall thickness of stainless steel, number of freezing and thawing cycles. For instance, the C20-T1.0-N0 is defined as follows:
• The first part of the label"C20" denotes that the strength grade of nano-silica concrete is 20MPa. • The second part of the label "T1.0" denotes that the wall thickness of stainless steel is 1.0mm. • The last part of the label "N0" denotes that the number of freeze-thaw cycles is 0.
Material properties
All stainless steel tubes are made of 201 austenitic stainless steel. Three long stainless steel tubes (T=1.0mm, 1.2mm and 1.5mm) are used for manufacturing the stub columns. The tensile coupons test was conducted to determine the tensile strength of stainless steel (fu), yield strength of stainless steel (fy), according to the test procedures of the Chinese Standard of Metallic Materials (GB/T 228-2002) [29] . The tensile coupons test was conducted at normal temperature and all tensile coupons were extracted from the left long stainless steel pipes. The performance of stainless steel is shown in Table 2 . The bottom of the stainless steel tube was covered with a layer of water proof cloth, and then, the nano-silica concrete was pumped from the top into the stainless steel tube. The nano-silica concrete was vibrated and was leveled before finishing in order to ensure that it was well compacted. In second day, the top of specimens were cased over with cement mortar to ensure that the bottom of the specimens is flat. The detailed nano-silica concrete mixes were listed in Table 3 . At the same time, three nano-silica concrete cubes with dimension of 150mm×150mm×150mm were made to test the nano-silica concrete strength. The nano-silica concrete cubes were conducted to load test after finishing twenty-eight-day curing of the concrete. The test results were given in Table 4 .
Freeze-thaw test
The fast freezing and thawing test method according to the China standard GB/T 50082-2009 (2009) [30] was applied in freezing and thawing test because the nations have not issued freezing and thawing test standard. All twenty- eight specimens were put into fast freeze-thaw device, in which one specimen was used to test the core temperature of specimens. The schematic diagram of fast freeze-thaw testing device is shown in Figure 2 . The core temperature of the specimen is between −20 and 15 ∘ C; the time of a cycle is four to six hours and ensure that all specimens are exposed to the whole process of freezing-thawing cycle. The freeze-thaw test lasted twenty-one days. In the test, there are some technical indexes and parameters as follows:
• The minimum and maximum temperatures of the specimen center were −17.6 ∘ C±3 ∘ C and 8 ∘ C±6 ∘ C. • The time of temperature decreased from 8 ∘ C to 17.6 ∘ C accounted for a half of freezing time of freezing-thawing cycles, and the time of temperature rising from −17.6 ∘ C to 8 ∘ C accounted for a half of heating time of freezing-thawing cycles. • The temperature variation between the center and the surface of specimens does not exceed 28 ∘ C. • The conversion between the freezing and thawing is not more than twenty minutes.
The specimens were placed into device after curing period, and all specimens were immersed into water. When the number of freezing-thawing cycles was up to fifty, seventy-five, and one hundred, the specimens were re-(a) Before freezing and thawing (b) After freezing and thawing Figure 3 : Cement mortar before and after being exposed to freezing and thawing moved from the machine. And then water on the surface of specimens was wiped up. The freeze-thaw test was stopped when the number of freezing-thawing cycles was 100. It was found that:
• Specimens had no obvious deformation and there was not rusty phenomenon on the stainless steel tube. • The cement mortar at bottom of the specimens fell off.
The cement mortar at bottom of specimens for freezethaw cycle treatment has fallen off, as seen from Figure 3 . In addition, the freezing and thawing cycles measured within 24 hours are shown in Figure 4 . 
Axial compression on specimens
After finishing the freezing and thawing, all specimens were tested by Electro-hydraulic servo universal testing machine with the ultimate load bearing capacity of 1000kN, as shown in Figure 5 . First, the specimens was placed on the support and made the specimens parallel to the plate, then connected to the DH3816 to ensure the balance of the strain gages. Finally, the specimens were under axially loaded and the strain data were recorded regularly during the test.
In order to better study the strain of the specimens, local strain distribution was obtained by strain gauge method. Strain gages were used for nine test specimens (C20-T1.5-N75, C30-T1.5-N0, C30-T1.5-N50, C30-T1.5-N75, C30-T1.5-N100, C40-T1.0-N50, C40-T1.2-N50, C40-T1.5-N50, and C40-T1.5-N75.). The strain gages were placed on the two locations with interval of 90 ∘ at middle of the outer surface of the specimens. Total of four strain gages were used for each specimens, as shown in Figure 6 .
All specimen strain gages are connected to the DH-3816. In order to ensure the balance of the strain gage, the strain value collected before loading should be between −10 and +10. The specimens were loaded at a rate of 0.5kN/s until failed. The load interval is 1/10 of the limit bearing capacity of specimens when the material is in the elastic range, and the load interval is 1/20 of the limit bearing capacity when the load is up to 80% of load-bearing capacity. Each interval was maintained for 1~2 minutes. All specimens after load test are shown in Figure 7 . 
Failure modes
When the load reached to eighty percent of limit bearing capacity, some small deformation appeared at bottom of the specimens. Some obvious deformation appeared at surface of the specimens as the load increases. When the load reached to ninety percent of limit bearing capacity, there was obvious buckling around the center or the bottom of the specimens. When the load was up to ultimate bearing capacity of the specimens, there was some axial displacement occurring in specimens.
The thermal expansion coefficient of stainless steel is similar to that of concrete, so under the influence of freezethaw, the deformation of stainless steel tube and concrete is close. The shrinkage deformation of the stainless steel tube is close to that of the inner core concrete, so the transverse binding force exerted by the stainless steel tube on the inner core concrete does not change much and all spec-imens with different number of freezing and thawing cycles have similar failure mode.
However, the positions of local buckling happened to the specimens are different, as illustrated in Figure 8 . As shown from Figure 8(a) , the bottom of specimens is complete, and the upper of specimens presents obvious buckling in surface of specimens, which was named mode one. Mode two was shown in Figure 8(b) , there is obvious buckling around whole specimens, and specimens have obvious axial deformation. The number of specimens of mode one and mode two is total of fourteen and twenty-three respectively. In addition, the nano-silica concrete at bottom and the top of the specimens after load is complete, which was illustrated in Figure 8 (c). Figure 9 shows the failure mode of circular hollow stainless steel tube. It shows that there is a certain buckling at the top of the stainless steel hollow short columns, and the bottom and middle part of short columns are complete.
Load-displacement curves
In order to evaluate the influence of three parameters on the mechanical behavior of specimens, the axial deformation (∆) versus load (P) curves of the columns was shown in Figure 10 . All curves have two stages: elastic stage and elastic-plastic stage.
As seen from Figure 10 , the wall thickness and nanosilica concrete strength are the key influence factor of ultimate loads of specimens for freeze-thaw treatment. As seen from Figure 10 (a), 10(b), 10(c), 10(d), and 10(e), the influence of the number of freezing-thawing cycles on the limit bearing capacity of the specimen was discrete. As seen from Figure 10 (a), 10(b), 10(c) and 10(d), the freezing and thawing reduced the initial stiffness of specimens, and the initial stiffness of the specimen decreases as the freezing-thawing cycle's number increases. As seen from Figure 10 (f), 10(g), 10(h), 10(i), the curves of specimens for freeze-thaw treatment were basically similar. The limit bearing capacity of specimens with T=1.5mm is larger than that of another specimens with T=1.2mm and T=1.0mm, which shows that the limit bearing capacity of specimens improve as wall thickness increases. As seen from Figure 10(j), 10(k), and 10(l), it shows that the limit bearing capacity of C-CFSST specimens increases with the increase of nano-silica concrete strength. In addition, it was found that, as the thickness of the wall increases, the negative effect of freezing and thawing on initial stiffness of C-CFSST stub columns became small from the comparison among Figure 10 Figure 11 shows the load-strain curves of C-CFSST stub columns. The solid line refers to the value of strain of point one of specimens and the dash line refers to the value of strain at point two of specimens. As seen from Figure 11(a) , for the C30-T1.5-N75 and C30-T1.5-N0, the rate of increase in strain values of the specimen (N=75) is larger than that of strain values of the specimen (N=0). The rate of increase in value of strain of specimens (N=75) is larger than the rate of increase in value of strain of specimens (N=100). It shows that the rate of increase in value of strain of specimens for freeze-thaw treatment is respectively greater than the rate of increase in value of strain of specimens at ambient temperature. The value of strain of specimens (fc=30MPa) subjected to cycle freezethaw under same load is respectively smaller than value of strain of specimens at normal temperature, which indicates that the behavior of deformation resistance of speci- mens (fc=30MPa, T=1.5mm) was improved by freezing and thawing. Figure 11 (b) shows the comparison of load-strain curves of different nano-silica concrete strength. As seen from this figures, the rate of increase in numerical axial and transverse strain values of specimens (fc=20MPa) at point two is smaller than the rate of increase in numerical value of axial and transverse strain values of specimens (fc=30MPa and fc=40MPa), which indicates that the strain of axial and lateral of specimens (fc=20MPa) at point two is worse than strain of axial and lateral of specimens (fc=30MPa and fc=40MPa). The rate of increase in numerical axial and transverse strain values for specimens (fc=30MPa) is basically equal to specimens with fc=40MPa, which indicates that the number of freeze-thaw cycles has greater effect on core concrete of specimens (fc=40MPa) than core concrete of specimens (fc=30MPa).
Load-strain curves
It could be seen that the comparison of load-strain curves of different thickness from Figure 11 (c). It could be found that the limit bearing capacity of specimens (T=1.0mm) is basically equal to that of specimens (T=1.2mm), and the specimens (T=1.5mm) have the largest limit bearing capacity, which indicates that the specimens (T=1.5mm) have the largest load-bearing capacity. When load reached to ultimate bearing capacity of specimens, the maximum strain of specimens (T=1.5mm) is greater than the maximum strain of specimens (T=1.2mm and T=1.0mm), and the maximum strain of specimens (T=1.2mm) is greater than the maximum strain of specimens (T=1.0mm). As seen from Figure 11(c) , the greater the wall thickness is, the better ductility the specimens have. As a result, the behavior of specimens was improved by wall.
Generally speaking, the change rule of lateral strain is similar to that of axial strain.
Analysis of test result
All test results of all specimens tested in this paper are shown in Table 5 . The experimental ultimate strength (Nu), percentage of force decrease (Per), yield strength (Ny), yield displacement (∆y), ultimate displacement (∆u) and ductility coefficient (∆u/∆y) are presented in Table 5 .
Effect of number of freezing and thawing cycles
As seen from Figure 10 , Figure 12 and Table 5 , the effect of freezing and thawing cycles (N) on load-bearing capacity of specimens is discrete. As seen from Figure 10 (a) and 10(b), the initial stiffness of specimens (N=100) for freeze-thaw cycles treatment is smaller than that of specimens (N=75, N=50 and N=0), and the initial stiffness of specimens at normal temperature is larger than the initial stiffness of specimens subjected to freeze-thaw cycle, which indicates that the number of freezing-thawing cycles reduced the initial stiffness of C-CFSST stub columns. In addition, as shown in Figure 10 effect of freezing and thawing cycle on initial stiffness of C-CFSST stub columns became smaller with the improvement of wall thickness (T). The percentage loss of ultimate bearing capacity increases from −12.63% to 10.64% when the N ranges from 0 to 100, as listed in Table 5 . As seen from Figure 10(b) , the specimens (N=100), the elastic stage of specimens (N=100) is shorter than elastic stage of specimens with another N, which indicates that the N could reduce the deformation resistance of specimens with small nano-silica concrete strength and small wall thickness.
As seen from Figure 10 (a), 10(d) and 10(e), similar to specimens without being exposed to cycle of freeze-thaw, the C-CFSST stub columns subjected to cycle of freezethaw usually have steady load versus displacement curves. It could be found that the influence of N on initial stiffness of specimens became smaller with the improvement of nano-silica concrete strength. In addition, the influence of N of 100 on initial stiffness of specimens (T=1.0mm and fc=20MPa, T=1.0mm and fc=30MPa) is the greatest, but the influence of N of 50 and 100 on initial stiffness of specimens (T=1.0mm and fc=40MPa) is the greatest, which means that the damage of the material does not increase as the freeze-thaw cycles increase.
As seen from Table 5 , the limit bearing capacity of some specimens subjected to cycle of freeze-thaw was improved, especially for specimens with fc=30MPa and T=1.5mm, the improvement of ultimate bearing capacity is great. The maximum percentage of increase in loadbearing capacity reached to 12.63%. It can be explained that the freezing and thawing has particular effect on the core concrete due to the particular mix proportion of C30 and the fact that the constraining effect to core concrete becomes better with the increase of wall thickness. In addition, on average, the influence of the N of 50 on bearing capacity is greatest, as seen from Table 5 . Figure 12 shows the influence of N on experimental bearing capacity of C-CFSST specimens with same nanosilica concrete strength. As seen from Figure 12(b) , the experimental limit bearing capacity of specimens (fc=30MPa and T=1.5mm) increases as the N increase. The limit bearing capacity of specimens (T=1.0mm and fc=20MPa, T=1.2mm and fc= 20MPa) decreased when the N reached to 75. The limit bearing capacity of specimens (fc=40MPa) decreased when the N reached to 50. In addition, it could be seen that the specimens (T=1.5mm) always have the largest ultimate bearing capacity, the limit bearing capacity of specimens (T=1.2mm) is larger than bearing capacity of specimens (T=1.0mm), which indicates that the limit bearing capacity of specimens increases as the wall thickness improves. On average, the specimens (T=1.0mm and T=1.2mm) subjected to cycle of freeze-thaw had lower the limit bearing capacity over the specimens without being (c) fc=40MPa Figure 12 : P-N curves exposed to cycle of freeze-thaw by 2.23% to 5.21%. It can be explained that under the influence of freeze-thaw the remaining water of unhydrated cement results in the generation and development of micro-cracks in the concrete, which reduces the compressive strength of concrete. Figure 10 (j), 10(k), 10(l) and 10(m) shows loaddisplacement curves of different nano-silica concrete strength in the same wall thickness (T) and number of freezing-thawing cycles (N). The specimens with fc=40MPa have the greatest ultimate load-bearing capacity, which shows that the specimens with high nano-silica concrete strength have larger ultimate bearing capacity than the specimens with low nano-silica concrete strength. It can be explained that the specimens with higher concrete strength grade have a smaller water-cement ratio and therefore have less residual freezable water content. Thus freezing-thawing cycle has less influence on the strength of specimens with high nano-silica concrete strength. As seen from Figure 11(b) , the specimens with fc=20MPa have lowest rate of increase in numerical value of lateral and axial strains at point two, and it can be seen from Table 5 that on average, the C-CFSST stub columns with fc=20MPa have minimum ultimate bearing capacity in the same T and N, which means that the specimens with fc=20MPa have the worst mechanical behavior in the same T and N. Figure 13 (a), 13(b), and 13(c) show the effect of nanosilica concrete strength (fc) on limit bearing capacity of specimens with same wall thickness. As seen from Figure 13(a) , except the specimen with N=75, the curves have an uptrend with the increase of fc. As seen from Figure 13 (b) that except the specimen with N=50, the curves have an uptrend with the increase of fc. On average, the limit bearing capacity increases as the strength grade of nano-silica concrete increases. In addition, as seen from Figure 13 (c), the limit bearing capacity of specimens with fc=30MPa and T=1.5mm subjected to cycle of freezethaw is greater than the limit bearing capacity of specimens with fc=30MPa and T=1.5mm without being subjected to cycle of freeze-thaw, which could be found that the strength of internal nano-silica concrete of specimens with fc=30MPa and T=1.5mm subjected to freeze-thaw cycles was improved. The freezing and thawing has particular effect on internal nano-silica concrete of C-CFFST stub columns with fc=30MPa and T=1.5mm due to the particular mix proportion and great constraining to core concrete provided by wall. 
Effect of nano-silica concrete strength

Effect of thickness
As seen from Figure 10 (f), 10(g), 10(h), and 10(i), the specimens with T=1.5mm have longer elastic stage than that with other wall thickness. The ductility of C-CFSST stub columns with T=1.5mm is the best, and the limit bearing capacity of specimens with T=1.5mm is the largest, which indicates that the specimens with T=1.5mm have the best performance on deformation resistance and load-bearing capacity. It can be explained that the stainless steel tube with high thickness has larger transverse binding force. Figure 14 shows the influence of wall thickness on the limit bearing capacity of C-CFSST stub columns with same fc. It could be found that the broken line has an uptrend with the increase of all thickness, which shows that the specimens with greater wall thickness have larger load bearing capacity.
In addition, as seen from Table 5 , the limit bearing capacity of some specimens with T=1.5mm subjected to cycle of freeze-thaw is larger than limit bearing capacity of specimens with T=1.5mm without being subjected to cycle of freeze-thaw, which could be explained that the greater wall thickness is, the larger constraining effect to internal nano-silica concrete have, and then the freezing and thawing has strengthened the core concrete of specimens with T=1.5mm. Figure 15 shows the effect of three parameters on Percentage of force decrease (Per) of specimens subjected to cycle of freeze-thaw. It could be found that the freezing and thawing reduced the bearing capacity. The freezing and thawing has the greatest influence on specimens with fc=40MPa, and the freezing and thawing has minimal effect on C-CFSST stub columns with fc=30MPa. However, the specimens with T=1.5mm and fc=30MPa subjected to cycle of freeze-thaw have larger bearing capacity than the specimens (T=1.5mm and fc=30MPa) without being subjected to cycle of freeze-thaw, which indicates that freezethaw cycles strengthened internal nano-silica concrete of specimens. As seen from Figure 14 , the limit bearing capacity of C-CFSST short columns with N=50 has maximum loss, then the loss of l limit bearing capacity of C-CFSST short columns decreased when N to 75, but the loss of limit bearing capacity of specimens became larger when N reached to100. 
Analysis of variables
Parameter formulas
It could be found that the limit bearing capacity of specimens is determined by Kr (reduction coefficient), which is mainly affected by T(wall thickness), fc(nano-silica concrete strength), N(number of freeze-thaw cycles), as shown in the following equation (1) .
To simplify the calculation, α and β are introduced, and Kr is calculated by equation (2), the definition of f c0 , α and β are shown in equation (3).
D represents the diameter of specimens, T represents the wall thickness of specimens, N represents the number of freeze-thaw cycles. The functions of α, β and N are shown in equation (4), (5) , (6) .
f (α) = −0.063α + 1.045 (4) f (β) = 0.00014β 2 − 0.0216β + 1.8 (5) f (N) = 7.35 × 10 −6 × N 2 − 0.000893 × N + 0.998 (6) The calculated bearing capacity (Ncu) by the formula was compared with the experimental bearing capacity (Neu) of C-CFSST short columns to verify the validity of the formula. As seen from Table 6 and Figure 16 , the mean value of Ncu/Neu is 0.97, the maximum value is 1.05, the minimum value is 0.87, and the variance is 0.002. The results show that the method has the characteristics of high precision and small fluctuation. Therefore, it is reasonable to use the formula to predict the ultimate bearing capacity of C-CFSST short column under freezing-thawing action. Overall, these forecasts are somewhat conservative.
Conclusions
1. The freezing and thawing has little effect on the failure mode of C-CFSST stub columns. 2. On average, the number of freezing and thawing cycles (N) of 50 has maximal influence on limit bearing capacity of specimens, and the influence on limit bearing capacity of specimens decreased when N reached to 75, finally the influence of N became larger when N reached to 100. 3. The limit bearing capacity of specimens with the same N and nano-silica concrete strength (fc) increases as the wall thickness (T) increases. The influence of N on the initial stiffness of C-CFSST stub columns decreases with the thickness (T) increases. The specimens with T=1.5mm have the best performance on deformation resistance and maximal loadbearing capacity. 4. The load-bearing capacity of C-CFSST stub columns increases with the increase of fc of C-CFSST stub columns in limited N. The loss of bearing capacity of fc=40MPa specimen under freeze-thaw cycle is the biggest, and the loss of bearing capacity of specimens with fc=30MPa under freeze-thaw cycle is the minimal. The influence of cycle of freeze-thaw on initial stiffness decreases with the nano-silica concrete strength increases. 5. The load-bearing capacity of specimens with fc=30MPa and T=1.5mm subjected to cycle of freezing and thawing is greater than bearing capacity of specimens with fc=30MPa and T=1.5mm at normal temperature. It can be explained that the freezing and thawing has strengthened the internal nanosilica concrete of C-CFSST stub columns due to particular mix proportion of C30 and great constraining to nano-silica concrete provided by wall.
